Isotope Depletion of Large Biomolecules: Implications for Molecular Mass Measurements  by Zubarev, Roman A. & Demirev, Plamen A.
Isotope Depletion of Large Biomolecules:
Implications for Molecular Mass
Measurements
Roman A. Zubarev* and Plamen A. Demirev
Division of Ion Physics, The Ångstro¨m Laboratory, Uppsala University, Uppsala, Sweden
Isotope depletion (or enrichment) of large biomolecules is a procedure already used in high
resolution Fourier transform ion cyclotron resonance mass spectrometry for improving the
reliability and accuracy of biomolecular mass characterization. In this work, effects of isotope
depletion on a number of mass spectrometric parameters are systematically studied. Imple-
mentation of the isotope depletion techniques in conjunction with lower resolution mass
analyzers is discussed as well. We investigate theoretically the position of the centroid of the
isotopic mass distributions (centroid mass) and the shift between the monoisotopic and the
centroid masses of biopolymers as a function of the isotope abundance (e.g., 12C:13C ratio). The
behaviour of other additive mass parameters, like the ratio between the monoisotopic and the
first isotopic peak, is also discussed. We address by computer simulations the effects of
different instrumental parameters like mass resolution and ion statistics as a function of
isotope abundances and from there the achievable mass accuracy for high-mass biopolymers.
We assess some of the practical issues of the isotope depletion technique, viz., to what degree
and with what accuracy the depletion procedure should be performed for achieving the
desired mass accuracy. (J Am Soc Mass Spectrom 1998, 9, 149–156) © 1998 American
Society for Mass Spectrometry
The molecular mass of a large ($10 kDa) biomol-ecule is a quantity, characterized not by a singleparameter, but rather by a complex statistical
distribution (isotopic distribution) [1–4]. The origin of
the isotopic distribution—the cluster of mass peaks for
a molecule with the same elemental composition—is
due to the presence of more than one stable isotope of
its constituent elements [5–9]. In mass spectrometry,
broad isotopic distributions have proven to be one of
the major hindrances in experimentally determining
and assigning the masses of large biomolecules with
sufficient accuracy [1, 10, 11]. Moreover, the sensitivity
and detection threshold of mass spectral methods for
high mass species decreases considerably due to
“spreading” of the ion signal over a large number of
isotopic peaks, causing a “loss” in individual ion peak
intensity.
In practice, the isotopic distribution (and from there
the molecular mass) of a large biomolecule can be
conveniently characterized in terms of discrete values,
like nominal, monoisotopic and average masses, etc.
[1–4]. The monoisotopic mass Mmono is the most reli-
able mass characteristics of biomolecules. The main
reason is that the corresponding peak in the distribution
has an unique isotopic composition and thus its mass
does not depend upon the isotope abundances. Since
the lightest isotopes of C, N, H, O, S and P—the
elements comprising the three major classes of biopoly-
mers—are also most abundant in nature, the monoiso-
topic mass peak is the “lightest” peak in the isotopic
distributions of biopolymer molecules. In peptides and
other bioorganic molecules with natural isotope abun-
dances, the monoisotopic peak dominates in intensity
up to masses of ;1.2–1.5 kDa [1, 2, 9]. At higher masses,
its intensity (compared to the most abundant peak in
the distribution) progressively diminishes and it even-
tually “drowns” in the background noise. Already for
horse apomyoglobin—a 16.95 kDa protein—the inten-
sity of the monoisotopic mass peak (at mass Mmono:
16 940.95 Da) is less than 0.04% of the most abundant
peak in the isotopic distribution, and practically it is not
discernible from the background [7]. This effect is a
simple corollary of the fact that large biomolecules
contain typically hundreds of atoms of the same ele-
ment (e.g., C atoms) and although the heavier isotopes
are “rare,” each of them can substitute the atoms of the
“major” isotope at hundreds of different positions with
equal probability. Each such combination contributes to
the abundance of mass peaks with masses higher than
the monoisotopic peak, resulting in negligible relative
abundance of the monoisotopic peak [1, 4].
Therefore, in cases when it is impossible to directly
measure the monoisotopic mass (either because of the
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low intensity of the ion peak and/or mass resolution
constraints), the average isotopic mass Mav is the pa-
rameter of choice for mass characterization of biomol-
ecules [1, 11]. Whereas Mav is determined as the cen-
troid of the isotopic distribution, its determination does
not require resolving of individual isotopic peaks.
However, there are principal limitations for the mass
accuracy achievable through Mav [11].
Early on, a possible solution to that problem has
been suggested by Rose, who has proposed to enrich the
proteins with the 12C isotope, i.e., to deplete their 13C-
isotope relative content (as reported in ref [12]). The
enrichment should thus extend the mass interval in
which the monoisotopic peak is the most abundant one
in the isotopic distribution, and increase considerably
the accuracy of mass determination. Recently, Marshall
et al. have experimentally proven the feasibility of that
idea [13]. They have shown that the mass range of
proteins, for which the monoisotopic peak is statisti-
cally significant (.1%), can be expanded by more than
a decade (from 10 to 100 kDa) via depletion of the 13C
and 15N isotope content in a molecule to less than
0.01%. As a specific example, the FK 506 binding
protein (Mmono 5 11 780.07 Da), isolated from E.coli,
grown on 13C and 15N isotope-deficient nutrients, was
studied. ES/FTICR measurements with unit mass res-
olution of that protein have indeed resulted in a most
abundant monoisotopic peak, giving mass accuracy
better than 5 ppm.
As Marshall et al. stress [13], the approach for 13C
and/or 15N isotope depletion parallels entirely the al-
ready widely distributed isotope enrichment approach
used in heteronuclear NMR experiments for isotopes
with nonzero nuclear spins. In NMR, 13C and 15N
isotope-enriched organic compounds are synthesized
with multifold increase of the abundance of these
isotopes, consequently increasing S/N ratios and de-
creasing NMR experimental times. In analogy, it is
argued that the 13C and 15N isotope depletion technique
can become a very useful and popular tool for biomo-
lecular sample preparation in mass spectrometry (MS),
leading to improved mass accuracy and increased sen-
sitivity [13]. Other potential benefits of the isotope-
depletion approach in biological MS are likely to
emerge [13]. Namely, the technique can be used in
studies involving H/D exchange (e.g., probing the
structure of protein ions in the gas phase [3, 4, 14]) and
noncovalent binding, as well as facilitating large mass
ion manipulation and internal mass calibration [13].
Most of the techniques, used for MS study of biomol-
ecules today, involve one of the two widespread instru-
mental configurations: MALDI-TOF and ES/quadru-
pole (with ES/TOF instruments also becoming
increasingly popular). However, the typical resolution
achieved with all these mass analyzers is currently
below 2 3 104 (FWHM), the value required for better
than unit mass baseline resolution of a 10 kDa protein.
For biopolymers in that mass range, it is also the
(isotopically unresolved) average mass Mav that is most
easily determined with either of these two techniques.
In order to assess the applicability of the proposed
isotope-depletion approach combined with the more
widespread biopolymer mass analysis techniques, it is
instructive to explicitly study the behaviour of various
mass parameters of biopolymers as a function of the
isotope ratio (“degree of depletion”) of their constituent
elements. In this paper we address theoretically some of
these issues. We investigate the effects of isotope deple-
tion (enrichment) on the centroid positions of the iso-
topic mass distributions (centroid masses) and the shifts
between the monoisotopic and the centroid biopolymer
masses. We try to assess some of the practical issues of
the isotope depletion technique, viz. to what degree and
with what accuracy the depletion procedure should be
performed for achieving the desired mass accuracy. The
behaviour of other additive mass parameters, namely
the ratio between the monoisotopic and the first isoto-
pic peaks in a large biomolecule as a function of the
isotope ratio, is studied too. We address by computer
simulations the effects of different instrumental param-
eters including resolution and ion statistics as a function
of isotope abundances and from there the achievable
mass accuracy for high mass biopolymers. The potential
of the isotope-depletion technique for elemental analy-
sis of proteins, e.g., determining the number of carbon
atoms in a large biomolecule, is also discussed [15].
Methods
The computer programs used in this work were to a
large degree modifications of previously developed
software [10, 11]. The code was written in “Think C
v.4.0.” language (Symantec Inc., Cupertino, CA) and
run on a Macintosh (Apple Computers Inc., Cupertino,
CA) series of personal computers. We also exclude from
the discussion metalo-organic compounds and com-
pounds containing halide atoms with complicated iso-
tope patterns. Additions and/or losses of small chemi-
cal groups and/or atoms, viz. H addition/abstraction in
the molecular-ion formation process, are not specifically
treated. In all cases mentioned above a complex isotopic
distribution pattern will result. It must be pointed out,
however, that such a pattern will be much more
straightforward for interpretation and extraction of
meaningful information once the pattern due to 13C and
15N is “simplified” after isotope depletion. The uncer-
tainty estimates have been done by Monte Carlo gen-
eration of random peptides (oligonucleotides) with a
specified length. The corresponding Mmono and Mcent
(see below) for each randomly generated biomolecule
have been calculated, and from there the difference (the
“error”) between the directly calculated Mmono and
Mmono, determined from Mcent by the approach de-
scribed below (eq 1). The statistics of these errors gives
an estimate of the uncertainty. In all calculations below,
isotope masses of the elements and their natural isotope
abundances are taken from [16].
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Results and Discussion
Monoisotopic Mass
From its definition, the monoisotopic mass Mmono is
obtained by considering the most abundant isotopes for
naturally occurring isotope abundances that contribute
to the monoisotopic mass peak [1]. It is clear that for 13C
and 15N isotope-depleted biomolecules, Mmono is invari-
ant and independent of isotope abundances. Only in the
rare occasions when the most abundant isotope is
“substituted” and is not the lightest one (e.g., in 13C
isotope-enriched biomolecules), the monoisotopic mass
in that case, M9mono, will be “shifted” from Mmono. This
shift will be obviously equal to the number of atoms of
a particular element multiplied by the mass difference
between the two isotopes. It should be noted, however,
that the shifted monoisotopic mass peak no longer will
consist of an unique isotopic combination. Indeed, in
the above example with 13C enrichment, the monoiso-
topic peak will also include combinations with one 12C
carbon atom and one 15N nitrogen atoms besides mol-
ecules with all 13C.
Centroid Mass
The average mass Mav of a biomolecule is by definition
the centroid of its isotopic distribution [1]. The accuracy
in measuring Mav is limited in practice by the larger of
two numbers, 60.1 Da or 610 ppm [11]. The first
limitation comes from the properties of the polynomial
function that describes the isotopic distribution, while
the source of the latter is the natural spread in isotope
abundances [2, 17].
From the above definition follows that Mav depends
on the isotope abundances. On the other hand, the term
“average mass” is generally used as a stable molecular
characteristic implying natural distribution of isotopes.
In order to avoid possible confusion, we will denote the
centroid value Mcent of the isotopic distribution of
isotope-enriched/depleted molecules as the centroid
mass, and reserve the term “average mass” only for the
case of natural abundance. From this definition, the
centroid molecular mass coincides with the average
mass when all isotope abundances of the constituent
elements correspond to the natural.
As the centroid mass is not a conventional mass
spectrometric quantity, it cannot be directly reported
for biomolecule mass characterization. The experimen-
tally obtained value of Mcent should be first transformed
to average mass values using known degree of isotope
depletion (enrichment). It is not a priori obvious that
the result will be under all circumstances better than a
direct average-mass measurement of nondepleted mol-
ecules. Below, we attempt to estimate the expected gain
in accuracy for various depletion levels.
As already discussed, Mmono is the most accurate
mass characteristics of biomolecules [1]. However, the
monoisotopic peak is most abundant and can be easily
discerned only for masses up to 1200–1500 Da in
peptides and other bioorganic molecules for natural
isotope abundances [2, 9]. Beyond that range, the mo-
noisotopic peak is not the highest one in the isotopic
distribution and should be identified using other tech-
niques (in favourable cases the monoisotopic peak can
still be identified by high resolution mass spectrometry
for biomolecules up to around 6 kDa). In low resolution
mass spectrometry, however, the difference between
Mav and Mmono has been studied [2] and a relationship
between the average and monoisotopic masses of
biopolymers has been derived [9]:
Mmono 5 Mav z ~1 2 K
21! (1)
Here K is an empirically determined factor which does
depend on the type of the biopolymer but not on its
mass [9]. For proteins (assuming equal abundances of
the 20 amino acids) a value of K ' 1463 has been
estimated by Monte Carlo simulations [9]. Senko et al.
have constructed a model amino acid, averagine,
C4.9384H7.7583N1.3577O1.4773S0.0417, by taking into account
the nonrandom abundances of the 20 most common
amino acids [7]. From there one can obtain a value of
K ' 1572.5 for natural isotope abundances in proteins.
In analogy, to describe mass characteristics of DNA one
can introduce “averabaseine,” C9.75H12.25N3.75O6P1, as-
suming random distribution of the four bases in a
single-stranded oligonucleotide. Then the correspond-
ing K value in eq 1 for an oligonucleotide is 2092 [9].
The expected position of the monoisotopic peak Mmono
can be obtained by experimentally measuring the Mav
value and inserting it in eq 1. For proteins within the
mass range of ca. 10 kDa, eq 1 gives an uncertainty
better than 0.5 Da in determining the position of the
monoisotopic peak (both K values, quoted above, result
in similar uncertainty). A question that pertains to our
discussion is what accuracy in determining Mav of
isotopically nonresolved molecular ion can be achieved
with low resolution mass analyzers. A recent study [18],
in which the masses of ES peptide ions in the range of
1 kDa have been determined with accuracy of 5 ppm or
better with a low resolution quadrupole mass analyzer,
addresses some of the connected issues. Provided that
there are no interfering peaks in the unresolved isotopic
cluster (due to cationized adducts and/or hydrogen
losses) the accuracy of average mass determination
achieved with a low resolution instrument may well be
within the 10 ppm range for a 10 kDa protein [11, 17].
All the above values for K (for proteins and DNA)
were derived for natural abundances of the elements. If
the isotope abundance of a protein is altered (by 13C
isotope depletion), then the centroid mass Mcent should
replace Mav in eq 1. K would also change accordingly.
In the following, we shall provide values for K as a
function of the isotope abundance. We also note that D
5 Mcent 2 Mmono (the “isotopic shift” [9]) and K are
interrelated: D 5 Mcent z K
21 5 Mmono z (K 2 1)
21.
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From here the physical meaning of K becomes evident:
it is the ratio between the “isotopic shift” and the
centroid mass, and is numerically equal to the centroid
mass of a biopolymer with 1 Da difference between
Mcent and Mmono.
By definition, both the monoisotopic and the cen-
troid masses of a biomolecule are additive quantities—
the corresponding mass values of a biomolecule can be
determined simply by summing the respective values
of its constituents [9, 11]. Therefore, both Mmono and
Mcent can be calculated from the “monoisotopic” (m
0—
the mass of the most abundant isotope) and the chem-
ical (mc—“centroid”) masses of the constituent ele-
ments:
Mmono 5 O Ni z mi0, and Mcent 5 O Ni z mic
(2)
where Ni is the number of atoms of the element i in the
molecule. The centroid mass mc of an element is calcu-
lated from
mc 5 S O ak z mkDYS O akD (3)
where mk is the mass of the kth isotope, ak is its relative
abundance and the sum is over all stable isotopes k.
Alternatively, the difference d between the “monoiso-
tope” mass m0 and mc will depend on the isotope
abundance, d 5 u m0 5 mc u. From there and eqs 2 and
3 one can easily show that the difference D between
Mcent and Mmono is also an additive quantity [2]:
D 5 O Ni z di (4)
From the above formula the following dependence for
K as a function of the 13C isotope content in a protein,
composed of “averagine” molecules, is derived—Figure
1. The K dependence has a “sigmoid” shape which
“saturates” at K ' 7000 for 12C:13C values above 104.
Therefore, this result suggests that additional efforts to
increase only the 12C isotope purity of a biomolecule
above 104 will not lead to substantial improvement in
assigning the monoisotopic mass from Mcent mass de-
terminations. Moreover, the increased uncertainty in
determining the accuracy of isotope “dilutions” of 104
or higher contributes also to the uncertainty in the
accuracy of Mcent mass determination (see below).
The same procedure has been also used to derive the
dependence of K on the 14N:15N isotope ratio for
various ratios of the 12C:13C isotopes (Figure 2). It is
evident that only 15N depletion does not result in a
substantial increase of K for natural C isotope abun-
dance (due to the fact that the average number of N
atoms in a protein is around a quarter of the number of
C atoms). On the other hand, “double” depletion of
both the 13C and 15N isotopes is an advantageous
procedure for more accurate determination of Mcent for
a protein as well as increasing the abundance of the
Mmono peaks. This result agrees well with previously
reported simulations [13].
However, even for a “deep” double depletion the
mass region in which the monoisotopic mass peak is the
most abundant one is limited [13]. Above that region,
the problem of finding the monoisotopic peak position
still exists. The approach outlined above and based on
centroid mass measurements and estimating the mo-
noisotopic mass through eq 1, can be applied for
isotope-depleted biomolecules as well, provided the
depletion degree (and thus, K value), is known [9].
Calculations for proteins show (Table 1), that the inher-
ent uncertainty in determining Mmono after depletion
remains essentially the same compared to the natural
isotope abundances. This uncertainty is originating
mainly from the large isotope difference for the sulfur
isotopes (d 5 0.08512). For example, for an average
100-residue protein (MW 11.9 kDa), the standard devi-
ation of the isotopic shift is 0.32 Da, whereas after
Figure 1. K values for a protein, composed of “averagine”
aminoacids, as a function of the 12C:13C isotope ratio (for natural
isotope abundances of all other isotopes: 1H:2H 5 6666.67; 14N:15N
5 272.22; etc. [16])–log-linear plot.
Figure 2. K values for a protein, composed of “averagine”
aminoacids, as a function of 14N:15N isotope ratio for various
12C:13C isotope abundance ratios: filled diamond—102; filled tri-
angle—103; 3—104; filled circle—105 (natural isotope abundances
of all other isotopes)–log-linear plot.
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103-fold depletion from natural abundance of both 13C
and 15N, this value is only reduced to 0.26 Da. At the
same time, elimination of the sulfur isotopes gives a
tenfold decrease of that parameter. Therefore, depletion
of the sulfur isotopes (both 33S and 34S) in proteins
would lead to a tenfold increase in the accuracy of the
technique, which would extend its range from 10 to 100
kDa, as is the case for oligonucleotides [9]. In such cases
of multiple isotope depletion (e.g., D, C, N, and S
isotopes) increase in the 12C isotope purity of a protein
above 104 will be very beneficial. On the other hand,
depletion only of 13C would be extremely useful in
nucleic acids and saccharides, where sulfur atoms are
not present (see below). Although high resolution
FTICR as a method of choice to determine Mmono of an
isotope-depleted large biomolecule does not require a
priori knowledge of the degree of isotope depletion, for
the method discussed here such knowledge is obvi-
ously needed. In order to get such information (e.g., in
particularly unfavorable cases when the “food” and the
biosynthesized product have substantially different de-
grees of isotope depletion) several other approaches can
be used. For instance, one can measure the isotopic shift
of a known peptide/protein that has the same isotope
composition as an unknown one. If that is not possible,
one can fragment (enzymatically digest) an unknown
large protein to smaller pieces with easily identifiable
monoisotopic peaks, measure their isotopic shifts and K
values, and then use K in eq 1 to identify Mmono of the
unknown large protein.
For oligonucleotides, composed of “averabaseine”
subunits, the respective values of K as a function of C
and N relative isotope abundances are given in Figure
3. Oligonucleotides have more “regular” structures
(only four different subunits) and the C atoms have a
“lower” contribution. Due to these, the K factor for
oligonucleotides is in general higher than the corre-
sponding factor for proteins at the same level of 13C
isotope depletion. Similar to proteins, 13C isotope de-
pletion ratio above 104 leads to saturation of K for
oligonucleotides as well. In practice, the error in deter-
mining Mmono for oligonucleotides will be a factor of 10
less than for proteins (Table 2), due to the fact that S
atoms are not present in DNA, as already pointed out
[9]. Therefore, in DNA mass determination strategies
involving MALDI/TOF analyzers [19], 13C isotope de-
pletion may be an advantage that will increase the
accuracy in Mmono determination. Such a
13C depletion
procedure can be coupled within the framework of
polymerase chain reaction (PCR) by use of 13C depleted
reagents. PCR is a necessary step for generation of
multiple copies of a particular oligonucleotide in ladder
sequencing or in sequencing-by-hybridization MS ap-
proaches [19].
Table 1. Results of Monte Carlo simulations for 100-amino acid long proteins with different degrees of isotope depletion (s is the
standard deviation)
Degree of depletiona
Average mass (Da) Isotopic shift D (Da) s(D) (Da) K s(K)C N
1 1 11904.4 8.10 0.32 1471 41
10 1 11899.1 2.79 0.27 4297 394
100 1 11898.5 2.26 0.26 5345 624
1000 1 11898.5 2.20 0.25 5479 658
10 10 11898.6 2.32 0.26 5204 591
10 100 11898.5 2.27 0.26 5317 620
100 100 11898.0 1.73 0.26 7041 1114
1000 1000 11897.93 1.67 0.26 7301 1202
aTimes the natural abundances (12C:13C 5 89.9, 14N:15N 5 272.22).
Figure 3. K values for an oligonucleotide, composed of “avera-
baseine” bases as a function of: (a) 12C:13C isotope abundance
ratios; or (b) 14N:15N isotope ratios (natural isotope abundances of
all other isotopes)–log-linear plot.
153J Am Soc Mass Spectrom 1998, 9, 149–156 ISOTOPE DEPLETION OF BIOMOLECULES
Systematic Shifts in Experimentally
Measured Mcent
One of the specific features of biomolecular isotopic
distributions is their nonsymmetric shape skewed to-
ward higher masses [1, 10, 11]. The presence of a long,
low-intensity high-mass tail, extending many hundreds
of Da above the monoisotopic mass peak of a large
biomolecule, has been deduced [5]. Because of this
skewness, an experimentally measured centroid mass
while “neglecting” the high-mass tail of the distribution
will be always lower than the true centroid mass value,
even for the natural isotopic abundances [11]. Surpris-
ingly, the difference between the measured and the
theoretical (true) centroid mass values depends not so
much on the nature of the biomolecule or its isotope
abundances, as on the cutoff fraction of the isotopic
distribution taken in centroid-mass measurements [11].
The origin of this difference was found to be associated
with specific features of the polynomial expression
(binomial in the simplest case of one two-isotope ele-
ment) describing the isotopic distribution [11]. The
uncertainty in centroid mass measurements is expected
to be the same regardless of the degree of isotope
depletion (provided the isotopic shift exceeds ' 0.5 Da),
when a cutoff at half-height of the peak is used for
centroid measurements [11]. As a consequence, the
lowest error in the centroid mass measurements upon
isotope depletion of large biomolecules remains the
same as for natural isotope abundances, i.e., 60.1 Da
[11].
Earlier we have studied explicitly the difference
between Mcent and the most abundant peak (hmax) in
the isotopic distribution of high mass pure carbon
clusters [11]. We have demonstrated that this difference
is “oscillating” between 0 and 1 Da (i.e., hmax is always
lighter than Mcent). The period of oscillations is 1/a
(a—the relative abundance of the less abundant carbon
isotope). This same dependence will hold for different
values of a (,,1) because it is an inherent property of
the binomial distribution as well. Therefore the period
of “oscillations” will be “prolonged” accordingly when
the 13C isotope content is decreased. Moreover, the
properties of a protein isotopic distribution upon deple-
tion will be similar to the properties of the distributions
of pure carbon clusters because carbon atoms contribute
to more than 70% in the protein isotope distribution
[11].
Spread in the Degree of Isotope Depletion
Natural spread of isotope abundances is estimated to be
on the order of 10 ppm for the elements present in
biomolecules. It is one of the error sources in mass
spectrometric determination of the average molecular
mass with sufficient accuracy [2, 11, 17]. Although the
isotope depletion procedure eliminates this “natural”
error source, it introduces another one, associated with
the uncertainty in the degree of isotope depletion
(enrichment). For example, in a biomolecule containing
1000 C atoms (corresponding to a protein with ;25 kDa
molecular mass), the contribution of the 13C atoms to
the average mass (Mcent) is about 11 Da for natural C
isotope abundance. The uncertainty in experimentally
determining Mcent will be around 0.25 Da due to the
naturally occurring spread in the abundance of C iso-
topes. After a tenfold 12C enrichment, the contribution
of the 13C atoms drops to ;1.1 Da. But a 20% uncer-
tainty in the degree of that enrichment still corresponds
to centroid mass uncertainty of ;0.25 Da. Therefore, in
this example better than 20% accuracy in the degree of
isotope depletion is needed for increasing the accuracy
of centroid mass determination.
Instrumental Parameters Influencing the
Measurements of Mcent
As pointed out [13], isotope depletion considerably
reduces the number of “significant” peaks in the isoto-
pic distribution of a large molecule (i.e., peaks with
abundances .0.5% of the abundance of the “base”
peak). For the FK506-binding protein (the example
studied in ref [13]), the number of “significant” peaks
reduces from 19 (for natural isotopic abundance) to 10
or 8 (for 0.05% 13C-depleted and 0.05% 13C or 0.01% 15N
doubly depleted molecules, respectively).
One contribution to the total error in experimentally
Table 2. Results of Monte Carlo simulations for 30-bases long oligonucleotides with different degrees of isotope depletion (s is the
standard deviation)
Degree of depletiona
Average mass (Da) Isotopic shift D (Da) s(D), Da K s(K)C N
1 1 9185.1 4.47 0.04 2054 17
10 1 9178.2 1.58 0.02 5861 32
100 1 9177.9 1.28 0.02 7168 42
1000 1 9177.8 1.25 0.02 7362 44
10 10 9177.8 1.21 0.02 7648 131
100 100 9177.5 0.88 0.02 10436 252
1000 1000 9177.4 0.85 0.02 10842 272
aTimes the natural abundances (12C:13C 5 89.9, 14N:15N 5 272.22).
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measured average (or centroid) mass of a biomolecule is
connected to the accumulated ion statistics and the peak
width. In [11], an empirical formula estimating this
contribution is derived based on Monte Carlo simula-
tions of carbon cluster isotopic distributions (for natural
C isotope abundance). Because isotope depletion leads
to narrower isotopic distributions, the experimental
error should be smaller than that for the natural abun-
dance. Monte Carlo simulations performed for highly
resolved carbon cluster isotopic distributions show that
the statistical part of the error, sst (standard deviation),
is proportional to the ratio of square roots of the
isotopic shift D and the ion statistics A (total area of the
distribution):
sst } ~D/A!
1/2 (5)
For example, for a tenfold decrease in the isotopic shift
upon isotope depletion, the required ion statistics for
achieving the same accuracy in a single experiment will
be 10 times lower than in the case of the natural isotope
abundances.
Ratio of Isotopic Peak Abundances
Another additive mass characteristics for large biomol-
ecules is the ratio R1/0 of the monoisotopic to the first
isotopic peak [9, 11]. The ratio R1/0 is obtained from the
elemental composition of the biomolecule and the ratio
of isotope abundances:
R1/0 5 O @~Ni z a1i !/~a0i !# (6)
where Ni is the number of atoms of the element i in the
molecule, and a0
i and a1
i are the relative abundances of
the first and the second isotopes of that element. The
dependence of that ratio on the 13C and 15N isotope
abundances for a 16.95 kDa protein, composed of 152.5
“averagine” amino acids, is given in Figure 4. In the
particular case of proteins, the contribution of the 13C
isotope in the isotopic peak abundance is essential [11],
and for that reason the influence of the 15N isotope
depletion is much less pronounced. Although in theory,
information for both the isotope abundance and the
elemental composition of a biomolecule is contained in
R1/0, extracting that information in practice is difficult
(in order to extract one of them, one needs to know the
other). However, by using isotope depletion one may,
at least in principle, “count” the number of C atoms in
a biomolecule. For instance, let us experimentally de-
termine R91/0 and R 01/0—the peak ratios for two differ-
ent values of 13C isotope depletion of a biomolecule, a9C
and a 0C. From eq 6 it follows directly that
NC 5 DR z ~1 2 a9C! z ~1 2 a 0C! z ~a9C 2 a 0C!
21 (7)
where NC is the number of C atoms in the biomolecule,
DR (5R91/0 2 R 01/0) is the difference between the
isotopic peak ratios, and a9C and a 0C—the relative abun-
dances of the 13C isotope for the two sets of depletion
experiments. The above approach can be practically
implemented provided that both the ratios and the
degrees of isotope depletion are known with a sufficient
accuracy. It also requires an instrument allowing a
baseline isotope peak resolution (viz., an FTICR [13])
and an unambiguous identification of the monoisotopic
peak.
Conclusion
In this article we have assessed some practical aspects
for the implementation of the isotope depletion ap-
proach in conjunction with lower resolution (TOF or
quadrupole) mass analyzers. We argue that such an
approach will benefit the mass characterization of large
biomolecules performed on lower resolution mass ana-
lyzers as well. The explicit dependence of the centroid
of the isotopic mass distribution Mcent and the shift
between the monoisotopic and the centroid masses of
biopolymers as a function of the isotope abundance
(e.g., 12C:13C ratio) has been studied theoretically. From
that dependence, knowing the degree of isotope deple-
tion and directly measuring Mcent one can determine
Mmono. We have discussed some issues of the isotope
depletion technique, viz. to what degree and with what
accuracy the depletion procedure should be performed.
It is shown that upon the same degree in isotope
depletion (of the 13C isotope) the accuracy in Mmono
mass determination from Mcent is 100-fold higher for
oligonucleotides than for proteins. That fact, together
with the possibility for isotope depletion in conjunction
with PCR, can be used in MS approaches for character-
ization of oligonucleotides. More than 100-fold increase
in the isotope depletion of the 13C isotope only does not
substantially contribute to increased mass accuracy for
Figure 4. Ratio R1/0 of the first isotopic peak to the monoisotopic
peak for a 16.95 kDa protein, composed of “averagine” aminoac-
ids as a function of 13C:12C isotope ratio for various 15N:14N
isotope abundance ratios: filled diamond—1022; filled triangle—
1023; 3—1024; filled circle—1025 (natural isotope abundances of
all other isotopes)–log-linear plot.
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either proteins or oligonucleotides. On the other hand,
multiple depletion (13C together with 33S and 34S) will
lead to substantially increased mass accuracy in deter-
mining the monoisotopic molecular mass of proteins,
Mmono, from the Mcent mass value.
It is argued that the degree of isotope depletion must
be known within 20% accuracy in order to determine
Mcent with an accuracy of 10 ppm or better for a 25 kDa
protein. The behavior of other additive mass parame-
ters, like the ratio between the monoisotopic and the
first isotopic peak, is also studied. By measuring that
quantity for two different degrees of isotope depletion
(enrichment) one may, at least in principle, “count” the
number of C atoms in a biomolecule, provided that both
these ratios and the degrees of isotope depletion are
known with sufficient accuracy. We have addressed by
computer simulations the effects of different instrumen-
tal parameters like mass resolution and ion statistics as
a function of isotope abundances and from there the
achievable mass accuracy for high mass biopolymers.
For example, for a tenfold decrease in the isotopic shift
of carbon clusters upon isotope depletion, the ion
statistics for achieving the same accuracy in a single
experiment will be 10 times lower.
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